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GENERAL INTRODUCTION 
An understanding of how fungi infect plants would be extremely useful for 
researchers trying to develop new disease management strategies. For example, if a fungus 
requires the production of a certain enzyme to be capable of infecting plants, a disease 
control measure could be developed based on the inactivation of that enzyme. The enzyme 
could be deactivated using a chemical or by genetically-engineering plants to express a gene 
that inhibits the enzyme. 
The knowledge needed to develop this type of disease control can be acquired by 
studying mutants with defects in genes suspected to be involved in pathogenesis. Two 
approaches have been used to obtain such mutants. In one approach, mutants are obtained 
with defects in genes controlling biochemical functions or the production of known structures 
suspected to be important in causing disease. These mutants are then tested on plants to 
determine whether they cause symptoms different from non-mutants. In the second 
approach, genes are identified that appear to be directly involved in pathogenesis; however, 
their biochemical functions or structural effects are not yet known. Genes are identified by 
assaying mutants for reduced pathogenicity on plants. The functions or products of the genes 
are then determined. The objective of the research described in this dissertation was to 
identify genes required for pathogenesis but whose functions or products are unknown. 
Therefore, the latter approach was used. 
Fungal pathogenesis is a complicated process. It is often difficult to separate what is 
required by a fungus to grow and survive, and what it requires to be a successful plant 
pathogen. Frequently, a reduction in vigor of the fungus accompanies reduced pathogenicity 
or virulence. Therefore, it is not known whether the genes responsible are primarily affecting 
disease development or whether disease development is affected secondarily as a result of 
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reduced vigor. Certainly, a fungus must be able to grow to be a plant pathogen. However, it 
is not known how vigorously a fungus must grow to cause disease. 
The goal of the research presented in this dissertation was to identify genes in 
Cochliobolus heterostrophus (Dreschsler) Dreschler that control its ability to cause disease. 
The products of these genes and their functions can be studied to learn more about 
mechanisms of fungal pathogenicity. Genes were sought that controlled basic compatibility, 
that is, the ability of the fungus to cause disease on its host. These studies may demonstrate 
what is required for C. heterostrophus to be pathogenic on maize. 
Explanation of Dissertation Organization 
This dissertation contains a literature review on fungal traits needed for normal 
disease development and the approaches used for the identification of genes controlling these 
traits. Following the literature review are three papers, including references, suitable for 
submission to refereed journals. Papers 1 and 2 will be submitted to Phytopathology. Paper 
1 describes growth characteristics of C. heterostrophus that affect lesion size. Paper 2 
describes a gene of C. heterostrophus affecting lesion development on maize, but not growth 
in vitro. Paper 3 describes a gene affecting conidiation in C. heterostrophus and will be 
submitted to Mycologia. Following the manuscripts are the general summary and references 
cited in the introduction and summaiy. An appendix is included that contains figures not 
suitable for inclusion in the papers. 
Literature Review 
Fungal Characteristics Needed for Pathopencitv 
A variety of characteristics are probably needed for a plant pathogenic fungus to 
incite disease. One can postulate about what these traits might be by considering the 
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components of a disease cycle. According to Agrios (1988), the steps in a disease cycle 
include inoculation, penetration, infection, growth and reproduction, dissemination, and 
overseasoning. It is apparent how specifîc attributes of a fungus could help it achieve 
successful inoculation. For example, conidia of Magnaporthe grisea exude a sticky 
substance that provides a mechanism for the fungus to attach itself to the plant surface so that 
it is not washed off by rain (Hamer, et al., 1988). Other fungal characteristics may affect 
other parts of the disease cycle. Many fungi produce specialized infection structures, termed 
appressoria, that are important in the penetration process; many fungi also produce 
degradative enzymes that are believed to aid in penetration (Agrios, 1988). Once a fungus 
has penetrated a plant surface, it may need to prevent or overcome the plant's defense 
mechanisms to successfully infect, such as by the production of toxins or detoxifying 
enzymes. Sporulation in planta and dissemination of these propagules is important for a 
pathogen to initiate secondary disease cycles. Fungi often produce specialized overwintering 
structures that are able to withstand extreme environmental conditions; these structures may 
serve as inoculum for the following growing season. These are just a few examples of 
characteristics a fungus might require to be pathogenic. 
The growth or vigor of a fungus probably influences its ability to cause disease on 
plants by affecting penetration, colonization, or reproduction. Certainly, if a fungus cannot 
grow, it cannot be pathogenic. The fungus must also be able to grow within the host tissue 
for infection to occur, therefore, a fast rate of growth may be beneficial. However, the author 
of this review is unaware of studies done to determine the effect of moderate reductions in 
growth on pathogenicity. 
Mating type loci in some fungi, such as smuts, have been considered to be important 
for disease development because only certain stages of the life cycle are pathogenic. Smut 
fungi are basidiomycetes in which several nuclear changes occur during its life cycle. 
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Teliospores are diploid overwintering structures that germinate and undergo meiosis forming 
haploid cells that are nonpathogenic. However, two compatible haploid cells can fuse to 
form dikaryotic mycelia that are pathogenic. Therefore, mating type controls both 
reproduction and pathogenicity. Mating type loci have been extensively studied in Ustilago 
maydis (Banuett and Herskowitz, 1988,1989; Banuett, 1991; Froeliger and Leong, 1991). 
Genetic analysis has revealed two mating type loci in U. maydis (Banuett and Herskowitz, 
1988) and one locus in U. violaceae (Day and Garber, 1988). 
Nutritional deficiencies in plant pathogenic fungi often affect disease development; 
therefore, gene products required for prototrophy have been implicated as pathogenicity 
factors. Auxotrophs of Venturia inaequalis were not pathogenic on apples, but when 
appropriate external nutrients were supplied pathogenicity was restored (Keitt et al., 1959). 
Similarly, auxotrophic mutants of Colletotrichim lagenarium were avirulent on watermelon 
(Dutta et al., 1960). Tinline (1963) found that some auxotrophs of Cochliobolus sativus, 
those requiring methionine or lysine, had reduced pathogenicity on wheat, whereas others 
that required thiamine, arginine, or pyridoxine were fully pathogenic. These studies of 
auxotrophy have shown that, in order for some fungi to cause wild-type symptoms on plants, 
certain nutrients are required. If the fungi themselves are not capable of producing the 
required amino acids, then the nutrients must be obtained from other sources. These 
nutrients may be available from the plants, which is evident when auxotrophs are able to 
incite disease. Other times, the auxotrophs are incapable of causing disease or cause reduced 
symptoms because the required nutrients are lacking in the host or are not available to the 
fungus. 
Melanization is important for pathogenicity in some fungi, particularly for 
penetration. Melanized appressoria are essential for Colletrotrichum lagenarium and C. 
lindemuthianum to penetrate their hosts (Kubo et al., 1982,1983; Wolkow et al., 1983). Buff 
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mutants of Magnaporthe grisea and wild-type isolates treated with tricyclazole, a melanin 
biosynthesis inhibitor, fail to infect rice (Woloshuk et ai, 1980). This indicates that melanin 
is required for pathogenicity. Furthermore, treating melanin-deficient mutants with melanin 
precursors restores their pathogenic capabilities (Chida and Sisler, 1987). Confirmation of 
the importance of melanization was achieved by genetic analysis (Chumley and Valent, 
1990). Albino, rosy, and buff mutants, each with single gene defects, are nonpathogenic, 
unless the plant is wounded. Melanin present in appressoria of M. grisea allows hydrostratic 
pressures to build which are necessary for pressure-driven penetration (Howard and Ferrari 
(1989). 
Several enzymes have been shown to have significant roles in pathogenesis. The role 
of degradative enzymes on the ability of fungi to penetrate or colonize plant tissue was 
recently reviewed by Collmer and Keen (1986). Cutinases of some fungi have been shown to 
be important for penetration (Kolattukudy, 1985), but cutinases of other fungi are not 
essential (Sweigard etal., 1992; Bonnen and Hammerschmidt, 1989). Other enzymes that 
have been implicated as important for disease include protease, polygalacturonase, xylanase, 
cellulase, and pectate lyase. Degradative enzymes also have been shown to be important in 
overcoming host resistance mechanisms. Schafer et al. (1989) showed that pisatin 
demethylase is necessary for pathogenicity, at least in some fungi. Some plants produce 
toxic compounds called phytoalexins as defense mechanisms against pathogen invasion. 
Nectria haematococca, a pea pathogen, uses pisatin demethylase to detoxify the pea 
phytoalexin pisatin. The pisatin demethylase gene from N. haematocca was transformed into 
C. heterostrophus, which is pathogenic on maize, but not on pea. When the transformed C. 
heterostrophus was inoculated onto pea, symptoms developed indicating that C. 
heterostrophus is capable of being a pathogen of pea and that pisatin demethylase is essential 
for disease development on pea. 
6 
The involvement of fungal toxins in disease development has been extensively 
reviewed (Daly and Deverall, 1983; Durbin, 1981). Two toxins have received considerable 
attention. Cochliobolus victoriae, which produces a host-specific toxin called victorin, 
caused a blight epidemic on oats in 1945. Victorin is responsible for the ability of C. 
victoriae to cause disease. The oat variety 'Victorin' and its derivatives, all which carry the 
crown rust resistance gene (Rpc), are much more sensitive to victorin than cultivars that lack 
the gene (Wheeler and Luke, 1963). T-toxin is a host-specific toxin that is produced by race 
T of C. heterostrophus; race O does not produce T-toxin. In 1970, the southern com leaf 
blight epidemic was caused by race T. Although both races are pathogenic on maize, race T 
has increased virulence on maize with Texas male sterile cytoplasm, which was widely 
planted in 1970. 
Use of Genetic Analvsis to Identify Genes Important in Pathogenesis 
Several approaches have been used to identify genes important in pathogenesis. One 
approach is to cross naturally-occurring variants. Progeny from crosses of C. heterostrophus 
isolates were tested for their ability to cause symptoms on different host species (Nelson and 
Kline, 1969). Thirteen different genes were identified that determined whether strains were 
pathogenic or nonpathogenic on all nine grass genera tested. Unfortunately, these strains 
were discarded (K. J. Leonard, personal communication). Successful identification of 
pathogenicity genes also has been accomplished by crossing isolates of Magnportfw grisea, a 
pathogen of rice (reviewed by Valent, 1990). Three avirulence genes were identified that 
determine cultivar-specificity. In other words, these genes cause strains to be pathogenic on 
certain cultivars and nonpathogenic on others. Other genes have been identified that have 
minor effects on lesion size. Additionally, two genes have been identified which govern 
pathogenicity on a second grass species, weeping lovegrass. 
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Molecular techniques have provided researchers with another strategy to identify and 
study genes thought to be involved in pathogenesis. Differential cDNA cloning was used to 
identify a gene (MPGl) from M. grisea that encodes a hydrophobic protein and was 
necessary for appressorium formation (Talbot et al., 1993). Although appressorium 
formation in M, grisea occurs in an aqueous environment, it is initiated by an interaction with 
a hydrophobic surface (Hamer et al„ 1988). Mutants generated by gene disruption were 
unable to form appressoria (Talbot et al., 1993). A xylanase gene (XLYl) from Cochliobolus 
carbonum was cloned by purifying the enzyme, determining its amino acid sequence, and 
isolating the gene by using a synthetic oligonucleotide homologous to the deduced nucleotide 
sequence (Apel et al., 1993). Gene disruption then was used to obtain a mutant lacking the 
functional product of this gene. Studies using this mutant revealed UtiaiXYLl is not required 
for pathogenicity. Two genes that are thought to be involved in pathogenesis have been 
identified and characterized from Cladosporiumfulvum, a tomato pathogen (Van den 
Ackerveken et al., 1993). These genes were discovered because their proteins were detected 
in diseased plants, but not in healthy plants. After one of the proteins was purifîed and 
sequenced, its gene was isolated by using an oligonucleotide probe complimentary to its 
deduced mRNA sequence. The other gene was isolated by differential cDNA cloning. Gene 
disruption experiments will help determine to what extent these genes are needed for 
pathogenesis. 
Mutational analysis is another approach that can be used to obtain mutants that may 
be involved in fungal pathogenesis. The author of this review is not aware of published 
literature on the use of mutational analysis to study fungal pathogenesis on plants. However, 
mutational analysis has been successful for identifying genes involved in conidiation. 
Clutterbuck (1977) and Timberlake (1980) have demonstrated that, by analyzing a collection 
of mutants that differ in their conidiation capabilities, the process of conidiation in 
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Aspergillus nidulans can be studied. It is estimated that approximately 1000 genes are 
involved in conidiation of A. nidulans (Timberlake, 1980). Because most genes that affect 
growth also cause other defects such as reduced conidiation, only those with affects 
predominantly on conidiation have been studied in detail. Two of these genes code for 
proteins that affect the development of conidiophores; a mutation in one causes the 
conidiophores to continue to elongate and a defect in the other causes abnormal phialide 
production (Boylan et ai, 1987). A mutation in yet another gene does not affect 
conidiophore development or the production of conidia, but it causes the conidia to lyse. 
Using Cochliobolus heterostroohus to Understand Fungal Pathogenesis 
C. heterostrophus (Drechs.) Drechs. [anamorph Bipolaris mavdis (Nisikado and 
Miyake) Shoemaker = Helminthosporium maydis Nisikado and Miyake = Dreschslera 
maydis (Nisikado and Miyake) Subramanian and Jain)] is the incitant of southern com leaf 
blight. In 1970, this disease caused a widespread epidemic in the United States that resulted 
in the loss of 710 million bushels of com, which was equivalent to about one billion dollars 
(Hooker, 1972; Tatum, 1971). Details of the history and importance of southern com leaf 
blight have been reviewed (Tatum, 1971; Hooker, 1972; Ullstrup, 1972). 
Since the southern com leaf blight epidemic, C. heterostrophus has been widely 
studied. It is a haploid plant pathogenic fungus which can be easily manipulated under 
laboratoiy conditions. Maintenance, culture, and storage protocols, and methods for crossing 
have been described previously (Leach, etal., 1982; Bronson, 1989; Yoder, 1988). Because 
this fungus has been studied with extensively and because a restriction fragment length 
polymorphism (RFLP) map has been developed (Tzeng et al., 1992), C. heterostrophus is a 
desirable organism for studying host-pathogen interactions. 
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In C. heterostophus, toxins, enzymes, melanin, and nutrient deficiencies have been 
evahiated for their role in pathogenicity. The effect of T-toxin in disease development was 
discussed previously. Degradative enzymes were tested for their involvement in 
pathogenesis by identifying mutants with altered abilities to produce certain enzymes and 
inoculating them onto maize (Lyngholm, 1993). No evidence was found to suggest that 
protease, cellulase, polygalacturonase, xylanase, or 6-xylosidase are required for C. 
heterostrophus to develop wild-type lesions. Melanization of C. heterostrophus is not 
required for disease development on greenhouse-grown plants (Rodgrigues and Bronson, 
unpublished). Five melanin production loci have been identified in C. heterostrophus 
(Bronson, 1993); all color mutants tested on maize cause lesions similar to wild type. 
Conversely, auxotrophs of C. heterostrophus tested cause smaller lesions on maize than do 
prototrophs (Bronson and Thorson, unpublished). Mating type loci in C. heterostrophus have 
not been correlated with disease; symptoms on maize plants caused by isogenic strains with 
different mating type loci are indistinguishable (Leonard, 1977). 
The goal of the research described in this dissertation was to gain a better 
understanding of how fungi cause disease. To do this, mutants of C. heterostrophus were 
sought that had defects in genes affecting disease development, but not fungal growth. 
Because the effect of T-toxin and auxotrophy on disease development are already known, 
only prototrophic race O strains of C. heterostrophus were used in this study. The effect of 
moderate reductions in growth are not known. Therefore, the objectives of this research were 
to determine how reductions in growth affect lesion size, and to identify genes controlling 
basic compatibility. 
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PAPER 1. GROWTH CHARACTERISTICS OF Cochliobolus heterostrophus 
AFFECTING LESION DEVELOPMENT IN MAIZE 
11 
ABSTRACT 
Slow growing mutants of Cochliobolus heterostrophus, a pathogen of maize, were 
tested to determine the effect of vigor on pathogenicity. Eighteen mutants with reduced 
growth, measured as colony diameter and biomass, were obtained by mutagenizing 
protoplasts of the fungus and their pathogenicity was assessed. Mutants tended to make 
smaller lesions than wild type. The correlation between colony diameter and lesion length 
was significant (R^= .313), but a significant correlation between biomass and lesion length 
was not detected (R2= .192). To test whether the same genes were causing both the growth 
and the pathogenicity defects, mutants were crossed to a wild-type progenitor. Twelve of the 
mutants produced viable progeny; eight of these mutants had growth phenotypes that were 
heritable and segregated as single loci. Mutant progeny also tended to make smaller lesions 
than wild type, and again, there was a significant correlation between colony diameter and 
lesion size (R^= .302), but not between biomass and lesion size (R^= .200). Signifîcant 
correlations were not detected between conidial germination or appressorium formation and 
lesion size. However, one of the mutants produced very small flecks, yet grew in vitro 
similarly to other mutants that produced larger lesions; therefore, correlation coefficients 
were recalculated, omitting this mutant. Highly significant correlations were found between 
colony diameter and lesion size (R2= .529), and biomass and lesion size (R2= .616). 
Therefore, growth of this fungus, as determined by colony diameter or biomass, can 
significantly affect pathogenicity. 
Additional kevwords: Bipolaris maydis, com, Dreschslera maydis, fungal pathogen, 
Helminthosporium maydis, mutagenesis, Zea mays 
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INTRODUCTION 
Fungal mutants can be readily obtained that cause less disease on plants than non-
mutants. The phenotypes of these mutants often segregate as single genes; however, co-
segregation of reduced pathogenicity with reduced growth, is common. It is therefore 
difficult to know whether the reduced pathogenicity is due to a defect in a process specific to 
pathogenicity, or simply due to reduced growth. 
Ellingboe and Gabriel (1977) addressed this problem by classifying temperature-
sensitive mutants of Colletotrichum lindemuthianum and Phyllosticta maydis. Three classes 
of mutants were described based on their phenotypes at the restrictive temperatures on agar 
media and in their hosts. The first class of mutants did not grow either in vitro or in planta at 
the restrictive temperature and thus caused little or no disease (Class I); these mutants likely 
have mutations in genes essential for normal growth. Studies of such mutants are not likely 
to provide insight into how fungi specifically interact with their hosts to cause disease. At 
the restrictive temperature, the second class of mutants caused disease, but did not grow on 
agar (Class II). These mutants might indicate that nutrients not present in media can be 
provided by the plant. An auxotroph that causes disease symptoms identical to those of a 
prototroph would be an example of such a mutant. The third class of mutants grew normally 
on agar, but had reduced pathogenicity at the restrictive temperature (Class III); these 
mutants should be the most useful for understanding how fungi cause plant disease. 
Unfortunately, this simple classification can not take into account the fact that the 
effects of mutations are often quantitative. For example, a gene may have slight effects on 
growth in vitro while having major effects on growth in planta. Should such a gene be 
considered Class I and not worthy of further study or Class III and worth extensive 
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investigation? To make such a decision, one must know the effect reduced growth itself has 
on pathogenicity. 
The goal of this research was to determine the effect of reduced growth on the 
pathogenicity of Cochliobolus heterostrophus. Our approach was to obtain mutants with 
different growth phenotypes in vitro, and then determine the ability of these mutants to cause 
disease. We report that even moderate reductions in vigor can have dramatic effects on the 
ability of this fungus to cause lesions on maize. 
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MATERIALS AND METHODS 
Fungal strains, incubation conditions, and storage. Two fertile, near-isogenic C-
strains of C. heterostrophus, B30.A3.R.85 {Matl-1 toxl) and B30.A3.R.87 (Matl-2 toxl), 
were used in this study (Bronson, 1988; Leach et al., 1982). Strains were stored in 15% 
glycerol at -70 C, cultured on complete media with xylose CMX (Tzeng etal., 1993), and 
incubated under continuous cool-white fluorescent lights at room temperature (22-24 C). 
Mutagenesis and selection of mutants. Mutagenesis of protoplasts from C. 
heterostrophus was used to generate mutants. Protoplasts were obtained from strain 
B30.A3.R.85 using a previously described protocol (Yoder, 1988). Protoplasts were mutated 
with ultraviolet light or 1,2:3,4 diepoxybutane (Sigma Chemical Co., St. Louis, MO). After 
mutagenesis, protoplasts were embedded in regeneration media (RS) to permit cell wall 
regeneration and mycelial growth (Lyngholm, 1993). Surviving colonies were counted after 
3 to 4 days to determine the percentage of protoplasts killed. Mutants were considered as 
slow growing if their colony diameters on RS or complete media with sorbose (CMS) (Leach 
et al., 1982) was noticeably smaller than wild type. To test for auxotrophy, growth on 
minimal media and complete media were compared (Leach et al., 1982). Only prototrophs 
were selected for further study. 
Genetic analysis. The crossing protocol for C. heterostrophus has been described 
previously (Leach et al., 1982). Mutants were backcrossed to a sibling of B30.A3.R.85. For 
each cross, 20 to 40 random ascospores, each from a different ascus, were isolated. Progeny 
were assayed for their growth on CMX. Chi-square analysis was used to determine whether 
phenotype segregation ratios of progeny Ht a 1:1 ratio (Gomez and Gomez, 1984). Gene 
nomenclature was based on suggestions of Yoder et al. (1986). 
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Quantification of growth. Relative growth rates of fungal strains were assessed by 
measuring colony diameters on agar media. Mutant strains and the wild-type control 
(B30.A3.R.85) were subcultured onto CMX from actively growing cultures. Colony 
diameters were measured after 6 days of incubation. Petri plates were arranged in a 
randomized complete block design with each replication on a different shelf under 
fluorescent lights. The experiment was repeated a total of three times, with three replications 
(petri plates) per experiment. Mean colony diameters were analyzed using the Anova 
procedure of SAS (SAS Institute, Cary, NC). 
Growth was also quantified by measuring dry weight (biomass). Mutants were grown 
in 125 ml flasks containing 25 ml liquid CM (Leach et ai, 1982). Each flask was seeded 
with a 4 mm diameter mycelial plug from a 6-day-old colony growing on CMX. After 4 
days of stationary incubation in the dark at 30 C, the mycelial growth was collected on pre-
weighed filter paper, dried for seven days at 37 C, and weighed. During incubation, flasks 
were arranged in a randomized complete block design with each of three replications on a 
different shelf in the incubator. The experiment was repeated a total of three times. Biomass 
means were analyzed using the Anova procedure of SAS (SAS Institute, Cary, NC). 
Light microscopy (1(X)X and 4(X)X) was used to determine conidial germination and 
appressorium formation. Conidia from 6-day-old cultures on CMX were suspended in sterile 
distilled water. For each strain, 30 |il-droplets containing about 50 conidia were placed on 
glass microscope coverslips. The coverslips were incubated in moist chambers under cool-
white flourescent lights at room temperature. After 1,3, and 6 h percentages of conidia that 
had germinated and that had formed appressoria were determined. 
Lesion length measurements. A dissecting microscope and a Micro-Slide Field 
Finder (Fisher Scientific, Pittsburgh, PA) were used to measure lesions on maize seedlings. 
Ten to 14-day-old greenhouse-grown seedlings (W64AHt) were inoculated with conidial 
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suspensions of the mutants and B30.A3.R.85. Seeds were obtained from MBS Inc., Ames, 
Iowa. Conidia from sporulating cultures on CMX were used for inoculum; conidial 
suspensions in 0.05% water agar were adjusted to 1-1.5 x 10^ conidia/ml and were atomized 
onto seedlings using a chromatography sprayer. Ten ml of conidial suspension were used to 
spray a flat of 24-36 seedlings; 1-2 flats were inoculated for each mutant per experiment. 
After 20 h incubation in a dew chamber, seedlings were transferred to the greenhouse, and 
lesions were measured six days after inoculation. The following guidelines were followed to 
minimize experimental variation. One lesion in the center 7 cm section of the second or third 
leaf per seedling was measured. The lesion measured was at least 2 mm from the leafs edge 
and at least 2 mm from any other lesions; 10-20 lesions were measured per mutant tested. 
This experiment was repeated eight times using mutant parents and four times using progeny; 
B30.A3.R.85 was used as a wild-type control in all experiments. Since only one lesion was 
measured per plant, lesions were considered samples and flats of seedlings were considered 
replications. Therefore, each experiment included one or two replications. For experiments 
with two replications, flats of seedlings were arranged in the dew chamber and in the 
greenhouse in a randomized complete block design. Averages of lesion sizes were analyzed 
using the Anova procedure of SAS (SAS Institute, Cary, NC). 
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RESULTS 
Slow growing mutants of C. heterostrophus were obtained and their pathogenicity on 
maize was determined. The survival of mutagenized protoplasts ranged from 0.26% to 
14.11%. Eighteen slow growing, prototrophic mutants were identified that had reproducibly 
smaller colony diameters than the wild-type progenitor, B30.A3.R.85. Colony diameters of 
the mutants on agar media ranged from 1.1 cm to 7.3 cm; the wild-type strain had a colony 
diameter of 7.8 cm (Table 1). Biomass ranged from 123 mg to 760 mg; the wild-type strain 
averaged 658 mg. Biomass was highly correlated with colony diameter (R^= .694). The 
putative mutants produced lesions on maize that ranged in length ft'om 0.1 mm to 5.4 mm; 
lesions caused by B30.A3.R.85 averaged 5.2 mm. A significant correlation (P=0.05) was 
detected between colony diameter and lesion length (r2= .331), but not between biomass and 
lesion length (R2= .192). 
To detemine whether these defects were heritable and whether the same genes were 
causing both reduced growth and reduced pathogenicity, the mutants were genetically 
analyzed. Twelve of the mutants made viable progeny in crosses with a wild-type strain. Of 
these, eight had growth phenotypes, as measured by colony diameter, that segregated as 
single loci (Table 2). Although the mutants were not intercrossed, it is assumed that each 
contains a defect at a different locus because of their recognizably different growth and 
colony morphologies on agar media. Four of the putative mutants had phenotypes that did 
not segregate and could not be classified into discrete groups (Table 1); the colony diameters 
of the mutant progeny ranged from 6.0 cm to 7.9 cm (data not shown). Progeny with 
heritable phenotypes were assayed for pathogenicity and lesion lengths ranged from 0.1 to 
5.7 mm; the wild-type strain produced lesions with an average size of 5.7 mm (Table 3). 
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Table 1. Colony diamters, biomass, and lesion sizes of putative slow growing mutants and 
B30.A3.R.85 of Cochliobolus heterostrophus 
Putative 
Mutant 
Colony 
Diameter (cm)& 11
 
Lesion 
Length (mm)C 
ST16-247<1 1.1 162 1.6 
STl 6-297 1.9 123 0.9 
ST18-93 4.9 462 4.4 
ST19-193 5.5 439 2.3 
ST19-226d 6.2 695 5.3 
ST22'63 4.5 588 0.1 
ST22-158e 7.3 760 5.2 
ST22-182 4.6 317 4.6 
ST22-334 2.9 238 2.7 
ST23-42 5.7 506 3.4 
ST23-107e 6.7 719 5.2 
ST23-379d 4.9 593 3.0 
ST23-50ie 7.0 656 5.2 
ST23-614d 4.9 357 4.7 
ST23-685d 5.4 579 4.4 
ST25-137<1 2.9 444 4.4 
ST26-113e 6.8 742 5.4 
ST26-487 4.3 393 2.2 
B30.A3.R.85 7.8 658 5.2 
LSD (P=0.05)] 0.5 131 0.6 
^ Means are averages of two experiments, each with three replications. 
^ Means are averages of three experiments, each with three replications. 
c Means are averages of eight experiments, each with one to two replications with ten 
samples each. 
d Failed to produce viable progeny in crosses. 
® Colony diameters of progeny did not form two discrete classes. 
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Table 2. Segregation ratios of growth phenotypes in crosses between mutant and wild-type 
strains of Cochliobolus heterostrophus 
Mutant Cross Number 
Phenotypic Ratio 
Mutant: Wild type® Genotype 
ST23-42 T163 5:11 slol 
ST18-93 T159 17:17 slo2 
ST22-182 T161 18:21 slo3 
ST22-63 T137 6:15 slo4 
ST22-487 T156 19:18 sloS 
ST18-193 T162 19:19 slo6 
ST22-334 T153 15:17 slo7 
ST16-297 T155 17:18 slo8 
& One ascospore per ascus was isolated to insure that each arose from a separate meiotic 
event. Ratios were not significantly different from 1:1. 
Again, there was a significant correlation (P = 0.05) between colony diameter and lesion 
length (R2S: .302), but not between biomass and lesion length (r2= .200). 
To determine whether some other measure of growth was more strongly coirelated 
with lesion size, conidia of mutant progeny were tested for their ability to germinate and 
produce appressoria. In all strains, at least 85% of the conidia germinated (Table 4). 
Appressorium production varied significantly among strains. One mutant (sloS) rarely 
produced appressoria by 6 h in water on glass. However, when observed on leaves, 
appressorial-like structures were produced and infection occurred by 3 h. Conidial 
germination and appressorium production were not significantly correlated with lesion size. 
However, one of the mutants (slo4) produced produced very small flecks, yet grew in vitro 
similarly to other mutants that produced larger lesions; therefore, correlation coefficients 
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Table 3. Biomass, colony diameters, and lesion sizes caused by mutant progeny and wild-
type strain B30.A3.R.85 of Cochliobolus heterostrophus 
Strain Genotype 
Colony 
Diameter (cm)^ Biomass (mg)'' 
Lesion 
Length (mm)® 
T163.P1.R.1 slol 6.5 614 4.6 
T163.P1.R.4 slol 6.6 639 4.9 
T159.P1.R.3 slo2 5.5 639 5.3 
T159.P2.R.5 slo2 5.1 669 5.7 
T161.P1.R.2 slo3 4.9 526 5.3 
T161.P1.R.4 slo3 4.9 476 5.0 
T137.P2.R.2 slo4 5.5 665 0.1 
T137.P2.R.6 slo4 5.2 654 0.1 
T156.P2.R.4 slo5 4.9 414 2.1 
T156.P4.R.10 slo5 4.6 382 2.1 
T162.P2.R.2 slo6 5.9 625 3.2 
T162.P2.R.11 slo6 5.6 632 2.3 
T153.P3.R.8 slo7 3.8 196 2.6 
T153.P6.R.5 slo7 3.7 199 2.5 
T155.P4.R.1 slo8 2.3 150 0.9 
T155.P5.R.10 slo8 2.6 180 0.8 
B30.A3.R.85 SLO\ 8.2 799 5.7 
LSD (P=0.05) 0.4 137 0.8 
® Colony diameter after 6 days on CMX; mean of three replications. 
b Biomass after 4 days growth in liquid CM; mean of two experiments with three 
replications each. 
^ Mean of four experiments; each with one or two replications with 20 samples each. 
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were recalculated, omitting this mutant. Highly signifîcant correlations were found between 
colony diameter and lesion size (R^=.S29), and biomass and lesion size (R^=.616). 
Table 4. Percentages of conidia from slow growing and wild type strains of Cochliobolus 
heterostrophus that germinated and formed appressoria at 1,3, and 6 h in water on 
glass coverslips 
% Germination & % Appressoria b 
Strain Genotype 1 h 3h 6h 1 h 3h 6h 
T163.P1.R.1 slol 76.5 76.0 86.6 0 0 20.3 
T159.P2.R.5 slo2 97.3 92.8 98.2 0 78.7 83.3 
T161.P1.R.4 slo3 94.3 97.3 97.4 0 1.0 0 
T137.P2.R.2 slo4 84.0 93.2 96.5 0 0 46.9 
T156.P2.R.4 slo5 65.6 98.5 97.3 0 0 42.6 
T162.P2.R.11 s!o6 97.3 100.0 98.9 0 6.6 87.1 
T153.P3.R.8 slo7 74.2 89.5 99.0 0 1.0 82.2 
T155.P5.R.10 slo8 94.7 100.0 100.0 0 0 82.6 
B30.A3.R.85 SLOx 98.2 99.2 100.0 0 62.7 100.0 
LSD (P=0.05) 10.2 10.5 10.6 7.2 9.3 
^ Percentages of conidia that germinated; mean of three replications. Each replication 
consists of a sample of approximately 35 conidia. 
b Percentages of conidia with at least one appressorium; mean of three replications. Each 
replication consists of a sample of approximately 35 conidia. 
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DISCUSSION 
We have attempted to determine the extent to which the growth and vigor of a fungus 
affects its ability to be a pathogen. Eighteen mutants were identified. However, many of the 
growth defects observed were not heritable. By genetically analyzing the mutants, we found 
that eight of the mutants had heritable growth defects in single loci. Some of the mutants did 
not produce viable progeny, suggesting that the mutated genes controlled not only growth 
processes, but also fertility or the viability of ascospores. Other nonheritable mutants 
produced viable progeny, but their phenotypes could not be discretely classified into groups, 
even though the original mutant phenotypes were reproducibly smaller than wild type. The 
mutant phenotypes therefore appear to have been epigenetic, and not due to true mutations. 
This demonstrates the importance of performing genetic analysis before assuming that a 
mutant phenotype is under genetic control. 
Most of these slow growing mutants caused significantly smaller lesions than wild 
type, indicating that reduced growth can dramatically affect pathogenicity. A significant 
correlation was detected between lesion size and colony diameter, but not between lesion size 
and biomass. Significant correlations with lesion size were not detected when germination 
and appressorium formation were used to assess growth. 
One of the mutants {slo4) produced very small flecks yet grew in vitro similarly to 
other mutants that produced larger lesions. When correlation coefficients were recalculated 
omitting this mutant, the correlations between colony diameter or biomass and lesion size 
were highly significant. In addition, one of the mutants (sloS) rarely produced appressoria in 
vitro, yet it produced lesions that were not significantly different from wild type. Therefore, 
we observed its growth on plants and found that it produced unusual infection structures, but 
was still able to penetrate the leaf surface as rapidly as wild type. The results from this study 
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indicate that although growth in vitro may be correlated with pathogenicity, no single trait 
should be used to predict the pathogenicity of a fungus. 
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PAPER 2. Le&l\ AGEt^lN Cochliobolus heterostrophus 
AFFECTING LESION DEVELOPMENT 
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ABSTRACT 
A gene in Cochliobolus heterostrophus, a pathogen of maize, has been identified that 
specifically affects its ability to make lesions on maize, with no apparent effects on growth 
prior to infection. Survivors of mutagenesis were screened to identify mutants unable to 
produce wild-type lesions. A mutant was identified which causes very small, poorly 
conidiating necrotic flecks with chlorotic haloes, whereas, the wild-type strain produces 
elongated necrotic lesions which conidiate profusely. The mutant phenotype segregates as a 
single nuclear gene which we have named Les I. The reduced lesion size is not attributable to 
any apparent growth defect; growth of the mutant on agar media, in liquid media, and in 
water droplets is not significantly different from wild type. The mutant is capable of 
performing functions essential for infection such as spore germination, appressorium 
formation, and penetration. Lesl therefore appears to function specifically in some post-
penetration phase of pathogenesis. 
Additional kevwords: Bipolaris maydis, com, Dreschslera maydis, Helminthosporiim 
maydis, mutagenesis, Zea mays 
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INTRODUCTION 
The identification of genes specifically involved in pathogenesis will provide 
researchers with more tools to study the interaction between pathogens and their hosts. 
Different approaches may be used to identify genes involved in host-pathogen interactions. 
A common approach is to isolate mutants which have defects in genes controlling the 
production of known structures or biochemicals suspected to be important in causing disease, 
such as enzyme production or melanization. The mutants then are assayed for their 
pathogenic capabilities. Studying pigmentation mutants of Magnaporthe grisea and 
Colletotrichum lagenarium revealed that melanized appressoria are required for penetration 
(Chida and Sisler, 1987; Kubo, etal. 1982, 1983,1985; Woloshuk « a/., 1980,1983; 
Woloshuk and Sisler, 1982). Fungicides that inhibit melanin formation have been shown to 
control these diseases (Froyd etal., 1976). Mutants with defects in enzyme production have 
been studied to determine the role of degradative enzymes in pathogenesis. Cutinase mutants 
of C. lagenarium are pathogenic on cucumber (Bonnen and Hammerschmidt, 1989), and 
mutants of C. gloeosporoides are nonpathogenic on papaya (Dickman and Patil, 1986), 
indicating that cutinase is required for pathogenicity by some, but not all fungi. Degradative 
enzymes have been tested for their involvement in disease development by identifying 
mutants with altered abilities to produce certain enzymes and inoculating them onto maize 
(Lyngholm, 1993). After testing null protease mutants and low or high producers of 
cellulase, polygalacturonase, xylanase, and B-xylosidase, no evidence was found to suggest 
that any of these enzymes are essential for C. heterostrophus to cause wild-type lesions. 
A less common approach used to learn more about fungal pathogenesis is to identify 
genes whose biochemical functions or structural effects are not yet known, but appear to be 
directly involved in disease development. Mutants are identified by assaying for reduced 
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pathogenicity on plants. The functions or products of the genes identified are then 
determined. Other than avinilence genes of some fungi that are associated with cultivar 
specificity, the authors are not aware of published literature on the identifîcation of genes that 
affect other specifîc aspects of disease development. However, this approach has been very 
successful for identifying genes specifîcally involved in conidiation (Clutterbuck, 1977; 
Timberlake, 1980; Boylan etal., 1987). Therefore, we used this approach in an effort to 
identify genes with previously unknown activities. 
Our objective was to identify mutants of Cochliobolus heterostrophus (Dreschsler) 
Dreschler which were unable to cause typical disease symptoms, yet grew normally in the 
absence of their host. By mutagenizing the fungus and screening survivors on maize, a 
mutant was identified that caused flecks instead of the expanding necrotic lesions made by 
wild-type strains; its phenotype is controlled by a single nuclear gene which we have named 
Lesl. This mutant will be useful for studying how fungi develop lesions on plants. 
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MATERIALS AND METHODS 
Fungal strains, culture maintenance, and incubation conditions. Fertile, near-
isogenic C-strains of C. heterostrophus, B30.A3.R.85 (Matl-J toxl) and B30.A3.R.87 
iMatl-2 toxl), were used in this study (Bronson, 1988; Leach et al., 1982). Strains were 
stored in 15% glycerol at -70 C, cultured on complete medium with xylose CMX (Tzeng et 
al., 1993), and incubated under continuous cool-white fluorescent lights at room temperature 
(22-24 C). Strain B30.A3.R.85 was used as a wild-type control for all experiments. 
Mutagenesis. Mutagenesis was performed on protoplasts of C. heterostrophus 
(B30.A3.R.8S) that were obtained using a previously described protocol (Yoder, 1988). 
Protoplasts were exposed to 0.075M 1,2:3,4 diepoxybutane (Sigma Chemical Co., St. Louis, 
MO) for 40 min and embedded in regeneration medium (RS) to permit cell wall regeneration 
and mycelial growth (Lyngholm, 1993). Surviving colonies were counted to determine the 
percentage of protoplasts killed and transferred from RS to complete medium with sorbose 
(CMS) which restricts colony size (Leach et al., 1982), thus allowing for multiple colonies 
per petri plate. 
Pathogenicity assays. Lesion production was assayed on greenhouse-grown 
susceptible maize inbreds A632Ht and W64AHt, and partially resistant inbreds B73Ht and 
M017. Seeds were obtained from A. R. Hallauer, Iowa State University and from MBS Inc., 
Ames, Iowa. Three inoculation methods were used. In the first method, which was used to 
screen survivors of mutagenesis for altered pathogenicity, whorls of two to four, 8 to 12-day-
old, maize seedlings (third leaf emerging) were filled with deionized water, and a portion of 
each colony from CMS was placed into whorls using a toothpick (Klittich and Bronson, 
1986). The second method utilized a settling tower to inoculate seedlings. This method was 
used to test the pathogenicity of progeny from crosses. Sterile pieces of nylon cloth were 
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placed on the surface of CMX seeded with the fungus. After seven days, the nylon cloth was 
removed, air dried, and shaken into the settling tower allowing conidia to fall freely onto the 
plants. The third method, which was used to assess lesion length, utilized conidia from 5-7 
day old cultures on CMX that were suspended in 0.05% water agar. Conidial suspensions 
were atomized onto seedlings or onto plants with the fifth leaf emerged using a 
chromatography sprayer. In all methods used, plants were incubated 16-20 h in a dew 
chamber at 20-22 C, and were transferred to a greenhouse. After 4-7 days, lesions were 
observed. Lesion lengths were measured with the aid of a dissecting microscope and a 
Micro-Slide Field Finder (Fisher Scientific, Pittsburgh, PA). 
Genetic analysis. The protocol used for crossing C. heterostrophus on Sachs 
medium has been described previously (Leach et al., 1982). Gene nomenclature is based on 
the suggestions of Yoder et al. (1986). The putative mutant was backcrossed three times to 
wild-type C-strains, and progeny were assayed for pathogenicity using the toothpick and 
settling tower methods as previously described. To determine the number of genetic loci 
responsible for the mutant phenotype, 1(X) ascospores, each from a different ascus, were 
isolated from the final backcross and phenotypic segregation ratios were determined. Chi-
square analysis was used to determine whether segregation ratios Ht a 1:1 ratio (Gomez and 
Gomez, 1984). Additionally, ascospores were isolated from five asci each with seven or 
eight spores to determine whether the mutation was of nuclear or cytoplasmic origin. 
Growth in vitro. Fungal growth was quantised by measuring conidial germination, 
germ tube length, appressorium production, and colony diameter and colony biomass. 
Conidial lengths and germ tube lengths were measured on micrographs of conidia after 2 h in 
water on glass microscope coverslips. A map reader was used for measuring conidial lengths 
and the longest germ tube per conidium; a conidium was a replication. To test for 
auxotrophy, growth on complete and minimal media were compared (Leach etal., 1982). 
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Colony diameters were measured after six days incubation under continuous cool-white 
fluorescent lights at room temperature. To determine biomass, flasks containing liquid 
complete medium (CM) (Leach et ai, 1982) were seeded with a 4 mm mycelial plug from a 
6-day-old colony growing on CMX. After stationary incubation for four days at 30 C in the 
dark, mycelial growth was collected on pre-weighed filter paper, dried for seven days at 37 
C, and weighed. The colony diameter and biomass experiments were repeated a total of two 
times with three replications (petri plates or flasks) per isolate per experiment. During 
incubation, flasks and petri plates were arranged in a randomized complete block design with 
each replication on a different shelf. Conidiation was tested by growing strains on CMX and 
counting the number of conidia in 1 cm^ of fungal growth. For each isolate, three agar plugs 
(1 cm^) from a 6-day-old culture on CMX were sampled, and each agar plug was vortexed in 
5 or 10 ml water. The number of conidia in three to five aliquots of 10 ^ 1 were counted to 
estimate the total number of conidia in 1 cm^. The experiment was repeated a total of two 
times with three replications each. A replication consisted of three agar plugs from one petri 
plate. All in vitro growth data were analyzed using Proc Anova of SAS (SAS Institute, 
1988). 
Growth lit planta. Fungal growth was quantifîed by measuring conidial germination, 
appressorium formation, penetration on leaves, and sporulation from mature lesions. Leaf 
pieces from 12-day-old W64A Ht maize seedlings were inoculated with conidia from 6-day-
old cultures grown on CMX medium. Conidia were dislodged in sterile deionized water and 
strained through four layers of cheesecloth. Leaf pieces were inoculated with 15-25 ^1 
droplets containing approximately 20 conidia. The inoculated leaf pieces were incubated on 
sterile, moistened filter paper in petri dishes under cool-white flourescent lights at room 
temperature (22-24 C). Three inoculated leaf pieces were sampled per isolate every 2 h for 
8 h after inoculation, fixed in Camoy's solution, cleared in lactophenol, and stained in 0.05% 
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trypan blue in lactophenol (Contreras and Boothroyd, 1975). Samples were mounted in 50% 
glycerol and observations were made with the aid of a microscope (200X). Percentages of 
conidia which germinated, formed appressoria, and penetrated into the leaves were recorded. 
All in planta data were analyzed using Proc Anova of SAS (SAS Institute, 1988). 
Conidiation from lesions was determined by observing lesions with the aid of a dissecting 
microscope. Leaf pieces containing seven-day-old lesions were surface-sterilized in 10% 
bleach for 1 min, and rinsed in sterile deionized water. The sterile leaf pieces were placed on 
moist filter paper in petri dishes and incubated in the dark at room temperature (22-24 C) for 
three days. 
Enzyme production. Production of degradative enzymes was tested by observing 
substrate degradation on agar media. The presence of enzymes was detected by the 
formation of clear zones around the fungal colony as described by Lyngholm (1993). Strains 
were tested for their ability to produce B-xylosidase, cellulase, polygalacturonase, protease, 
and xylanase. 
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RESULTS 
A mutant of C. heterostrophus was identified with a defect specifically in 
pathogenesis. This mutant was one of two mutants obtained by chemical mutagenesis of 
wild-type protoplasts that produced smaller lesions than the wild-type strain, B30.A3.R.85. 
The survival of protoplasts was 1.4 %. The mutants were identified by screening 596 
survivors of mutagenesis on maize seedlings. Both of these putative mutants were 
prototrophs as determined by their growth on minimal media (Leach et al., 1982). Conidia 
from ST28-434 had a low percentage of germination and a slow rate of germ tube elongation 
compared with wild type. Only 30% of ST28-434 conidia germinated after 2 h in water on 
glass coverslips; 100% of wild-type conidia germinated during this period of time. The rate 
of germ tube elongation was about 30% of wild type, even after 12 h on leaves. Conidia of 
ST28-172, on the other hand, germinated similarly to wild-type and grew vigorously on 
media. Since we were interested in identifying genes whose pathogenicity defects can not be 
attributed to poor growth (Thorson etal., 1994), only ST28-172 was studied further. 
The mutant phenotype of ST28-172 segregated as a single nuclear locus, which we 
have named Lesl. The putative mutant, ST28-172 was crossed to B30.A3.R.87, a sibling of 
B30.A3.R.85 (cross T144), and mutant progeny were backcrossed two times to B30.A3.R.85 
(crosses T150 and T164). The wild type:mutant segregation ratios were 10:9,14:12, and 
41:46 for crosses T144, T150, and T164, respectively. These segregation ratios, as 
determined by chi-square analysis, are significantly different from 3:1 but not 1:1 indicating 
that the phenoytpe is controlled by a single locus. Segregation of a single nuclear gene was 
confirmed by crossing mutant progeny T164.P3.R.27 with B30.A3.R.87 and isolating five 
asci, each containing 7 or 8 ascospores (cross T169). Within each ascus, the infection 
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phenotype segregated four wild type to four mutant or four wild type to three mutant, 
indicating control by a single nuclear locus. 
L^sl affects lesion size and sporulation from lesions. Lesions caused by strains 
containing the mutant allele, lesU were very small compared to those produced by wild-type 
strains (Table 1), especially on susceptible inbreds W64AHt and A632Ht. The lesions 
caused by mutant strains had necrotic centers with chlorotic haloes (Fig. 1). The moderate 
resistance of B73Ht and M017 to C. heterostrophus was evident by the production of 
smaller lesions by both mutant and wild-type strains compared with those produced on the 
susceptible inbreds (Figs. 1-2). Under moist conditions, only occasional conidia were 
produced from lesions caused by the mutant; numerous conidia were observed from lesions 
caused by wild type. 
No reduction in vigor was found that could explain the reduction in the size of the 
lesions caused by strains with lesl. Conidial production in vitro did not differ from wild-type 
strains (Table 1). Significant differences in colony diameters, biomass, conidial length, or 
germ tube lengths were not detected among mutant and wild-type strains (Table 1). No 
significant differences were detected between mutant and wild-type strains in their ability to 
germinate, form appressoria, and penetrate leaves (Table 2). In all strains tested, 100% of the 
conidia had germinated by 2 h. Essentially all mutant and wild-type conidia had appressoria 
and had penetrated by 6 h after inoculation. 
Lesl does not affect the ability of C. heterostrophus to produce certain degradative 
enzymes. Differences in production of degradative enzymes were not observed among 
mutant and wild-type progeny and their wild-type progenitor. The haloes observed on media 
specific for recognizing the production of )3-xylosidase, cellulase, polygalacturonase, 
protease, and xylanase were not noticeably different among mutant and wild-type strains 
(data not shown). 
Table 1. Growth and pathogenicity phenotypes of strains of Cochliobolus heterostrophus with alternate alleles at Lesl, a 
gene affecting lesion development. 
in planta in vitro 
Lesion Conidiation Colony Conidia Gonidial Germ tube 
Strain Genotype Length (mm)^ in Lesions^ Diameter (cm)c Biomass (mg)d percm^^ Length (pmX Length (^un)g 
T164J»3.R.8 lesl 1.6 - 6.9 680 13,050 118 60.8 
T164P3.R.27 lesl 2.0 - 5.8 708 10,650 109 70.4 
T164P2.R.3 LESl 7.4 + 6.8 703 10,475 128 50.3 
T164J>3.R.26 LESl 6.9 + 5.9 875 9,550 125 64.0 
B30.A3.R.85 LESl 8.2 + 6.7 647 13,725 124 64.0 
LSD (P=0.05) 0.9 0.3 169 1,727 23 20.3 
^ Lesion length measured after 7 days on W64AHt maize leaves; mean of ten replications. 
b Conidiation from mature lesions after 3 days in a moist chamber. + = profuse conidiation, - = little or no conidiation. 
^ Colony diameter after 6 days on CMX; mean of two experiments with three replications each. 
d Biomass after 4 days growth in liquid CM; mean of two experiments with three replications each. 
^ Conidial production after 6 days on CMX; mean of two experiments with three replications each. 
f Conidia were from 6-day-old cultures on CMX; mean of ten replications. 
S The longest germ tube per conidium measured after 2 h in water on glass; mean of ten replications. 
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Figure 1. Seven-day-old lesions on susceptible maize leaves caused by strains of 
Cochliobolus heterostrophus with alternate alleles at Lesl. In each photo, strain 
B30.A3.R.85 iLESl) is on the left and strain T164.P3.R.8 {lesl) is on the right. 
Maize inbreds are A) W64AHt, and B) A632Ht. 
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Figure 2. Seven-day-old lesions on susceptible maize leaves caused by strains of 
Cochliobolus heterostrophus with alternate alleles at LesL In each photo, strain 
B30.A3.R.85 {LESl) is on the left and strain T164.P3.R.8 (Jesl) is on the right. 
Maize inbreds are A) B73Ht and B) Mol7. 
Table 2. Percentages of conidia of Cochliobolus heterostrophus that formed appressoria and penetrated maize leaves at 2,4, 
6, and 8 h after inoculation. 
Appressoria ^ Penetrations 
Strain Genotype 2h 4h 6h 8h 2h 4h 6h 8h 
T164J*3.R.8 lesl 86.1 98.1 100.0 94.4 33.1 78.2 95.6 94.4 
T164J>3.R.27 lesl 86.8 96.8 98.4 100.0 26.7 82.2 98.4 97.9 
T164JP2.R.3 LESl 91.7 88.6 100.0 91.8 48.5 75.2 91.9 90.6 
T164J»3.R.26 LESl 80.8 96.7 97.8 100.0 18.1 66.5 97.8 100.0 
B30.A3.R.85 LESl 77.1 93.2 100.0 100.0 36.9 82.3 97.5 100.0 
3 Percentage of conidia with at least one appressorium; mean of three replications. LSD (P=0.05) at a given hour is 9.4. 
b Percentage of conidia with penetration pegs; mean of three replications. LSD (P=O.OS) at a given hour is 24.6. 
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DISCUSSION 
A gene in C. heterostrophus, which we have named Les I, was identified that affects 
lesion development on maize, but not growth in vitro. A mutant of a wild-type strain of C. 
heterostrophus was isolated that produces very small, poorly conidiating flecks instead of 
profusely sporulating, expanding lesions. A reduction in pathogenicity can frequently be 
explained by reduced fungal growth (Thorson et al., 1994). However, the reduced lesion size 
caused by les J cannot be attributed to poor vigor. Mutant strains grew identically to wild-
type strains on media, in water droplets, and on plant surfaces. Strains with lesl were 
prototrophs, indicating that a nutritional deficiency was not responsible for the reduction in 
pathogenicity. 
The approach of assaying mutants for reduced pathogenicity to identify genes with 
previously unknown activities can limit the types of genes that are identified. The types of 
mutants obtained are dependent upon the assay used for detection. Our assay for screening 
survivors of mutagenesis on maize seedlings was able to detect only large differences in 
infection phenotypes caused by single genes. Minor differences due to single gene defects 
and quantitative effects caused by multiple genes were not detectable because very small 
differences in lesion size were not distinguishable. 
The identification of fungal genes controlling cultivar-specificity are common (Flor, 
1971; Nelson and Kline, 1969; Valent, 1990); however the identification of genes controlling 
basic compatibility are less common (Schafer et al., 1989; Roller, 1991). The reduced lesion 
size caused by lesl was evident on all maize genotypes tested, indicating that the affects 
caused by Lesl are not simply due to a differential interaction with a resistance gene in the 
plant. Therefore, Lesl is not cultivar-specifîc, but rather determines basic compatibility. 
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Lesl affects lesion development, with no apparent affects on fungal growth; its 
function would therefore be interesting to determine. In an effort to determine the function of 
Lesl^ mutant strains were tested on several maize genotypes. As reviewed by Lyngholm 
(1993), degradative enzymes of several fungi have been shown to be involved in 
pathogenesis. Therefore, we tested the ability of mutant and wild-type strains to produce 
certain degradative enzymes. No evidence has been found to suggest that Lesl is correlated 
with production of protease, cellulase, polygalacturonase, xylanase, or jg-xylosidase 
suggesting that the effect of Lesl is not due to the lack of production of these enzymes. 
Future efforts to determine how Lesl affects lesion development should be facilitated by 
cloning the gene. 
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PAPERS. Conl\ A GENE CONTROLLING CONIDIATION 
IN Cochliobolus heterostrophus 
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INTRODUCTION 
Collecting and analyzing mutants with defects in conidiation genes can help 
researchers develop innovative strategies for controlling plant diseases. For example, if a 
fungus requires the production of a certain enzyme to undergo conidiation, a disease control 
measure could be developed to inactivate that enzyme. The spread of disease could be 
substantially reduced if conidiation was halted because conidia typically serve as infection 
propagules for secondary disease cycles. 
Conidiation in Aspergillus nidulans has been extensively studied by the use of 
mutational analysis. Clutterbuck (1977) and Timberlake (1980) have demonstrated that, by 
analyzing a collection of mutants which differ in their conidiation capabilities, conidiation 
can be better understood. It is estimated that approximately 1(X)0 genes are involved in 
conidiation of A. nidulans (Timberlake, 1980). Further analysis has shown that two of these 
genes code for proteins that affect the development of conidiophores; mutations at brlA cause 
conidiophores to elongate without producing conidia and at abaA cause abnormal phialides 
(Boylan et al., 1987). A mutation in yet another gene (wetA) does not affect conidiophore 
development or the production of conidia, but causes the conidia to lyse. 
By collecting and studying conidiation mutants we can begin to learn more about 
.onidiation in Cochliobolus heterostrophus (Dreschsler) Dreschsler. This article provides a 
phenotypic and genetic analysis of the first conidiation gene identified in C. heterostrophus, 
the haploid ascomycete that is the incitant of southern com leaf blight. 
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MATERIALS AND METHODS 
The conidiation mutant was obtained by mutagenizing protoplasts of C. 
heterostrophus. Protoplasts from B30.A3.R.85 (Matl-1 toxl), a C-strain (Leach et al., 1982), 
were obtained using a protocol of Yoder (1988). The protoplasts were exposed to 5019 
J/cm^ ultraviolet light to achieve a kill of 99.97%. Mutagenized protoplasts were embedded 
in regeneration medium (RS) to permit cell wall regeneration and mycelial growth 
(Lyngholm, 1993), and surviving colonies were transferred to complete media with sorbose 
(CMS) (Leach et ai, 1982). Strain B30.A3.R.85 was used as a wild-type control in all 
experiments. 
The protocol used for crossing C. heterostrophus on Sachs medium has been 
described previously (Leach et ai, 1982). Gene nomenclature is based on the suggestions of 
Yoder et al. (1986). The mutant was backcrossed to a wild-type strain to determine if the 
phenotype was under genetic control; ascospores were isolated from five asci with seven or 
eight spores. An additional backcross was made to remove possible second-site mutations; 
100 ascospores were isolated, each from a different ascus. Phenotypic segregation ratios 
were determined and chi-square analysis was used to determine whether segregation ratios fit 
a 1:1 ratio (Gomez and Gomez, 1984). 
Progeny from crosses were grown on a variety of media to test the stability of the 
phenotype; strain B30.A3.R.8S was used as a wild-type control. Strains were grown on the 
following agar media with and without sterile, naturally-senescent maize leaf midribs and 
leaf pieces; minimal medium (MM), complete medium (CM), CM containing sorbose (CMS) 
(Leach et al., 1982), CM containing xylose (CMX) (Tzeng et ai, 1993), Sachs medium 
(Luttrell, 1958), and CM containing pectin, sodium polypectate, carboxymethylcellulose, and 
xylan (CMCW) (Braun and Howard, 1994). CMX promotes conidiation in wild-type strains 
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(Tzeng et al., 1993). Inoculum potentials of strains grown on CMCW are identical to those 
of strains grown on ground com leaf agar (Trainor and Martinson, 1978), but conidiation is 
enhanced on CMCW (Braun and Howard, 1994). All progeny were tested on CMS and 
CMX. Two mutant progeny and two wild-type progeny were tested on the remaining media. 
Cultures were incubated at room temperature (22-24 C) under continuous cool-white 
fluorescent lights, and colony morphologies and conidiation phenotypes were observed. 
Mutant and wild-type strains were grown at different temperatures to determine 
whether their phenotypes were temperature sensitive. Cultures on CMX were incubated at 
room temperature (22-24 C) and at 30 C. 
To determine whether the mutant was pathogenic and capable of reproducing in 
planta, progeny and B30.A3.R.85 grown on CMX were inoculated onto greenhouse-grown 
maize (W64AHt). Suspensions in water of aerial growth (mycelial fragments and any 
conidia present) were atomized onto maize seedlings. After exposure to 100% relative 
humidity for 20 hours in a dew chamber (22 C), the seedlings were transferred to the 
greenhouse. Six days after inoculation, symptoms were observed, and leaf pieces with 
lesions were surface-sterilized in 10% bleach and incubated in the dark at 22-24 C in moist 
chambers (sterile petri dishes with sterile moistened filter paper) to induce sporulation. 
Bright field and phase contrast microscopy (1(X)X and 200X) were used to observe 
the conidiophore and conidial morphology of wild-type and mutant strains. Strains were 
grown for six days on CMX and CMCW sandwiched between glass slides and cover slips 
maintained in sterile moist chambers (Dhingra and Sinclair, 1985). This method of culturing 
the fungus allowed for observation of conidiophore and conidium development without 
disturbance. 
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RESULTS 
A conidiation mutant of C. heterostrophus, ST66-29, was identified while conducting 
a search for non pathogenic mutants (Thorson and Bronson, 1994). The mutant was first 
noticed because it caused few lesions on maize seedlings using an inoculation method which 
relies heavily on the presence of conidia. The growth of the mutant on media was therefore 
observed using a dissecting microscope to determine if it was conidiating normally. Very 
few conidia were found. 
The mutant phenotype segregated as a single nuclear locus, which we have named 
Conl. ST66-29 was backcrossed to a wild-type strain, B30.A3.R.87 (Matl-2 toxl), a sibling 
of B30.A3.R.85, to determine whether the mutant phenotype was under genetic control. 
Segregation of a single nuclear gene was determined by isolating five asci, each containing 7 
or 8 ascospores (cross B206). Within each ascus, the conidiation phenotype segregated four 
wild type to four mutant or three wild type to four mutant, indicating the mutation was single 
gene and of nuclear origin. Single gene segregation was confirmed and second-site 
mutations were removed by backcrossing a mutant progeny, B206.P1.6.7, to B30.A3.R.85; 
100 ascospores were isolated, each from a different ascus (cross T166). Progeny harvested 
from cross T166 segregated 51 wild-type:33 mutant, which differs from 3:1, but not 1:1, as 
determined by chi-square analysis indicating the phenotype is controlled by a single gene. 
Mutant progeny produced 3(X) times fewer conidia than wild type, indicating that the 
effect of Conl is substantial. After seven days on CMX, mutant progeny produced 100 ± a 
standard error of 11 conidia per cm^ of mycelial growth, whereas wild-type progeny 
produced 28,970 ± 1800 conidia per cm^, and B30.A3.R.85 produced 23,800 ± 2550 conidia 
per cm2. 
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Mutant progeny grew slightly more slowly than did wild-type progeny. Colony 
diameter was always associated with conidiation phenotype. After six days on CMX, the 
colony diameters of mutant progeny averaged 5.6 cm ± a standard error of 0.1 cm, wild-type 
progeny averaged 7.1+0.1 cm, and B30.A3.R.85 averaged 7.8 ± 0.1 cm. 
The mutant phenotype was stable on all substrates (Table I) and at both temperatures 
tested. Mutant progeny produced few or no conidia on all media tested and temperatures 
tested. Wild-type strains sporulated profusely after five days; mutant strains produced few, if 
any conidia, even after ten days. Sporulation from lesions occurred readily from wild-type 
progeny, whereas only occasional spores were produced from lesions caused by mutant 
progeny. 
Conl has its effect primarily on conidium development. Wild-type strains produce 
conidia on successive apices of sympodially proliferating conidiophores (Luttrell, 1963) 
(FIG. 1). A conidium is produced at the apex of the conidiophore, and while the conidium is 
TABLE I. Conidiation of conl mutant and wild-type siblings and wild-type strain 
B30.A3.R.85 of Cochliobolus heterostrophus on agar media and on leaves 
Agar Media & 
Isolate Genotype MM CM CMS CMX CMCW SACHS Leaves^ 
T166.P2.R.3 conl -C - - - - - -
T166.P4.R.10 conl - - - - - - -
T166.P5.R.8 com + + + + + + + 
T166.P6.R.9 CONl + + + + + + + 
B30.A3.R.85 CONl + + + + + + + 
^ See text for media abbreviations. 
^ Mature lesions on W64AHt maize leaves. 
^ Conidiation symbols: - = few or no conidia, + = numerous conidia. 
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FIGS. 1-5. conl mutant (T166.P2.R.3) and CONl wild-type strain (B30.A3.R.85) of 
Cochliobolus heterostrophus. 1. Conidiophores and conidia of wild-type strain 
(160X). 2. Conidiophores and aborted conidial buds of mutant strain (160X). 
3. Close-up of aborted conidial buds of mutant strain (352X). 4. Conidium of 
wild-type strain (320X). 5. Conidium of conl strain (320X). 
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still attached the conidiophore continues to grow, eventually producing another conidium at 
its apex. This succession of growth is repeated several times. Mutant progeny usually 
produce conidiophores similar in appearance to wild-type strains, however, it appeared that 
the conidiophores often failed to elongate properly. Additionally, instead of mature conidia, 
conidiophores produce veiy tiny rudimentary conidial buds (FIGS. 2,3). Nuclei are capable 
of migrating into these conidial buds indicating that these buds have a pore. Even though 
development of these buds ceases, they remain attached to the conidiophore. Mutant strains 
occasionally produce conidia; however, these are usually irregularly shaped (FIGS. 4,5). 
Conl affects lesion number, but lesions that are produced appear normal. Lesion size 
appeared similar among all strains tested. Mutant and wild-type strains caused small, 
chlorotic spots which developed into rectangular necrotic lesions approximately 7 mm long 
after seven days. 
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DISCUSSION 
We have identified a nuclear gene, Conl, in C. heterostrophus that affects conidation 
in vitro and in planta. The effect of Conl appears to be primarily on conidium development 
and secondarily on conidiophore development. Mutant strains produce apparently normal 
conidiophores; however, instead of conidia,very tiny buds, presumably aborted conidia, are 
produced. These buds occasionally develop into conidia that are usually irregularly shaped. 
The minor reduction in growth of strains with conl does not explain their greatly 
reduced conidiation. Clutterbuck (1969) discarded many aconidial mutants of Aspergillus 
nidulans because their growth on agar was less than that of wild-type strains. Mutants with 
defects in growth processes were considered unlikely to have defects speciHc to conidiation. 
However, the slight reduction in growth associated with conl cannot account for the dramatic 
reduction in conidiation. The phenotype was stable on all media tested and in planta, 
suggesting that the reduction in conidiation caused by conl was not due to a nutritional 
deficiency. In addition, eight growth mutants identified with colony diameters similar to or 
smaller than strains with conl conidiate profusely (Thorson etal., 1994). Therefore, Conl 
probably directly affects conidiation. 
Conidiation in pathogenic fungi is often a crucial part of the disease cycle; therefore, 
the information gained from studying Conl can help researchers understand pathogenesis 
better. In southern com leaf blight, conidia from overwintering plant debris serve as primary 
inocula (Yoder, 1988). Mutant strains rarely produced conidia, yet were capable of infecting 
greenhouse-grown plants. Appressoria were produced from mycelial fragments and 
germinating conidia of mutant and wild-type strains indicating that some infections may have 
occurred from mycelial fragments. Infections by mycelial fragments in the field would be 
unlikely because mycelial fragments would rarely be present. Therefore, primary infections 
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from mutant strains in the field would be minimal. If infection from conl did occur in the 
fîeld, secondary spread of the disease would be very limited because conidial production 
from lesions would be rare. 
The specifîc function or gene product of Conl is not known; however, its function 
appears to be different from that of other conidiation genes studied to date. The SMO locus 
of Magnaporthe grisea affects the shape of conidia, appressoria, and asci; numbers of conidia 
produced are not affected by SMO (Hamer et al. 1989). Although SMO affects conidia, its 
primary function is not conidiation, but rather shape determination of diverse cell types. 
Unlike SMO^ the function of Conl appears to be specific for conidium development rather 
than shape. The aba A and brIA loci of A. nidulans affect conidium production, but the 
primary effect is on the development of conidiophores and phialides (Boylan et al., 1987). 
Conl, however, produces apparently normal conidiophores that may not elongate as readily 
as wild type. Therefore, the function of Conl may be diferent from that of abaA or brlA. By 
studying conidiation genes with different functions, researchers can develop new disease 
control strategies that target genes affecting conidiation. 
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GENERAL CONCLUSIONS 
This research has demonstrated that mutational analysis can be a useful approach for 
learning more about host-pathogen interactions. Mutants of Cochliobolus heterostrophus 
were identified that were less pathogenic on maize than wild-type strains. Most of the 
mutants also had defects in growth; therefore, a comparative study of growth in vitro and 
pathogenicity was done to determine how vigorously the fungus must grow to cause normal 
levels of disease. Mutants with colony diameters of about 80% of wild type apparently grow 
sufficiently to cause wild-type lesions. One of the mutants lacked the ability to conidiate 
normally; genetic analysis identified a conidiation gene which we have named Conl. This is 
the first known conidiation gene in C. heterostrophus. The most important outcome of this 
research, however, was the identification of a gene that affects lesion development, but not 
growth. This gene which we have named Lesl is the first known gene in C. heterostrophus 
affecting pathogenicity. The specific functions and products of the genes described in this 
research are yet to be determined; however, cloning efforts are underway and should help to 
determine what this fungus needs to be pathogenic. This knowledge should help researchers 
develop novel disease management strategies. 
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Fleure Al. Slow crowing and wild type (B30.A3.R.85) strains of Cochliobolus heterostrophus after six days on CMX. From 
left to right and top to bottom are B30.A3.R.85 (5L0x), T163.P1.R.4 {slol), T162 J?2.R. 2 {slo6), T159.K.R.5 {slo2), 
T161.P1.R.4 {slo3), T137P2.R.6 (slo4), T156.P4.R.10 {slo5), T153.P.6.R.5 (sIoT), and T155.P4.R.1 (slo8). 
Figure A2. Seven-day-old lesions on W64AHt maize leaves caused by strains of Cochliobolus heterostrophus with alternate 
alleles at Lesl. C. heterostrophus strains from left to right are: B30.A3.R.85 (LESl), T164P3.R.8 {lesl), T164J3.R.27 (lesl), 
T164.P2.R.3 (LES1\ and T164.P3.R.26 (LESl). 
